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Nomenclature 

A  cooling  surface  area 

c  specific  heat 

d  gap  between  crucible  and  wheel 

D  mass  diffusion  coefficient  of  the  solute 
h  local  heat  transfer  coefficient 

k  thermal  conductivity  of  the  strip,  W(m-K) 

L  latent  heat  of  fusion 

Pr  Prandtl  number  (=v/a) 

q  local  heat  flux 

Q  overall  heat  transfer  rate 

s  solidification  thickness  (see  Fig.  3) 

t  time 

Tj  initial  temperature  of  molten  metal 

Tl  liquidus  temperature  of  alloy 

Tm  melting  temperature  of  ribbon 

T0  ribbon/wheel  contact  temperature 

T$  solidus  temperature  of  alloy 

Tu  bulk  wheel  temperature 

U  wheel  spinning  speed 

x  Lagrangian  coordinates,  defined  in  Fig.  3 

V.  jet  velocity  of  molten  metal 

Greek  symbols 

a  thermal  diffusivity 


p 

a  dimensionless 

parameter  defined 

in  Eq. 

(7)  1 

6 

dendrite  arm  or 

cell  spacing 

1 

X 

a  dimensionless 

parameter  defined 

in  Eq. 

(13) 

v  kinematic  viscosity  of  liquid 

p  density  of 

Subscripts 

1  ribbon 

2  wheel 

L  liquid 

S  solid 
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FOREWORD 

This  report  is  based  on  the  collaborative  effort  of  Jim  S  J.  Chen  (Temple  University),  and  William  E.  Frazier 
(NAWCADWAR),  during  the  period  of  September  1991  to  March  1992.  Dr.  Chen  is  an  associate  professor 
in  the  Department  of  Mechanical  Engineering  at  Temple  University.  Through  the  ASEE-NAVY  Sabbatical 
Leave  Program,  he  was  appointed  to  conduct  research  at  the  Advanced  Metallic  and  Ceramics  Branch,  Naval 
Air  Warfare  Center,  Aircraft  Division,  Warminster,  PA,  for  the  period  of  December  1991  to  August  1992. 
In  collaboration  with  Dr.  Frazier,  Dr.  Chan  is  working  primarily  on  the  melt  spinning  process  at  the 
NAWCADWAR  during  his  Sabbatical  Leave.  This  program  is  administered  by  Mr.  Tim  Turner  of  the 
American  Society  of  Engineering  Education,  Dr.  D.  Polk  of  the  Office  of  Naval  Research,  and  Ms.  Carol 
Vanwyk  of  the  NAWCADWAR.  Dr.  Jeffrey  Waldman  is  the  head  of  the  branch  in  which  this  research  is 
conducted.  Professor  Ampere  A.  Tseng’s,  Drexel  University,  technical  guidance  is  also  acknowledged. 
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INTRODUCTION 

In  the  last  twenty  years,  rapid  solidification  processing 
(RSP)  has  emerged  as  a  means  of  producing  new  materials  with 
favorable  mechanical,  electrical,  and  corrosion-resistant 
properties.  The  high  cooling  rates  achieved  during  RSP  can  produce 
amorphous  alloys[l]  and  alloys  having  very  fine  and  homogeneous 
microstructures  by  extending  the  solid  state  solubility  of  the 
solute[2,3].  Table  1  lists  the  range  of  cooling  rates  in  a  variety 
of  solidification  processes.  The  term  of  "rapid"  solidification  is 
designated  for  cooling  rate  in  the  range  of  103  -109  K/s.  Since  the 
segregation  (i.e.,  the  dendrite  arm  spacing)  decreases  as  the 
cooling  rate  increases,  finer  microstructures  are  produced. 
Numerous  techniques  have  been  developed  to  produce  rapidly 
solidified  alloys  including  laser  heating,  atomization,  and  melt 
spinning.  In  this  study,  we  are  concerned  with  heat  transfer  in 
melt-spinning-based  rapid  solidification  of  intermetallic 
materials . 


Table  1.  Range  of  Cooling  Rates  in  Solidification  Processes 


Process 

Cooling 
Rate  (K/s) 

Dendrite  Arm 
spacing  (/im) 

Desig¬ 

nation 

large  sand  casting 
and  ingots 

icr4-io'2 

5000-200 

slow 

continuous  casting 

io^-io1 

200  -  50 

medium 

die  casting;  roll  casting; 
spray  casting;  thin  strip 
casting 

101  -103 

50-5 

high 

melt  spinning;  fine 
atomization;  laser 

powder 

heating 

103-109 

5  -  0.05 

rapid 

The  development  of  high  performance  aircraft  structures  and 
propulsion  systems  demands  the  implementation  of  newly  emerging 
materials  such  as  titanium  aiuminides  and  other  intermetallic 
alloys[4,5].  These  materials  must  possess  good  mechanical  and 
corrosion-resistant  properties  at  high  temperatures  (900°C  or 
higher) .  A  major  problem  encountered  in  solidification  of  these 
intermetallics  is  the  segregation  of  the  constituents.  Rapid 
solidification  processing  (RSP)  appears  to  be  a  viable  technique 
capable  of  producing  homogenous  microstructure  of  stoichiometric  or 
non-stoichiometric  intermetallics . 

In  melt  spinning,  the  molten  metal  is  brought  into  contact 
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with  a  rapidly-rotating  wheel.  The  liquid  metal  is  cooled  by  the 
wheel  and  is  rapidly  solidified.  Extremely  high  cooling  rates  may 
suppress  the  nucleation  of  a  crystalline  solid.  The  resulting 
material  is  known  as  metallic  glass  for  which  the  glass  transition 
temperature  and  the  crystallization  temperature  may  be  identified. 
For  crystalline  materials,  melt  spinning  may  curtail  or  eliminate 
the  formation  of  unfavorable  phases.  Melt  spinning  may  be  further 
classified  according  to  the  method  of  pouring  liquid  metal  onto  the 
spinning  wheel.  Fig.  1(a)  shows  the  free  jet  melt  spinning  in 
which  the  crucible  nozzle  is  located  relatively  far  away  from  the 
wheel.  In  this  method,  Rayleigh  and  capillary  instabilities  may 
arise  from  disturbances  to  the  jet  free  surface.  The  method  was 
later  modified  in  planar  flow  casting  as  shown  in  Fig.  1(b)  in 
which  the  molten  metal  is  introduced  under  pressure  and  the  nozzle 
is  brought  very  close  to  the  wheel.  The  planar  flow  casting  leads 
to  improved  stability  and  better  control  of  the  flow  and  to  the 
ability  of  producing  wider  ribbons  up  to  4-6  inches.  A  third 
method  is  called  melt  extraction  as  shown  in  Fig.  1(c)  wherein  the 
spinning  wheel  (the  moving  heat  sink)  is  brought  into  contact  with 
the  surface  of  the  molten  metal  and  a  thin  layer  of  liquid  is 
dragged  out  by  the  spinning  wheel.  At  NAWC/AD  (Naval  Air  Warfare 
Center/Aircraft  Division) ,  an  arc  melt  spinner  (Fig.  2)  is  used  to 
produce  intermetallic  materials.  This  method  employs  a  hybrid 
scheme  combining  the  planar  flow  casting  and  the  melt  extraction 
methods . 

The  objectives  of  this  paper  are  threefold.  First, 
previous  efforts  in  modeling  and  measurements  of  fluid  flow  and 
heat  transfer  of  RSP  by  melt  spinning  are  reviewed.  Secondly,  a 
simplified  heat  transfer  analysis  of  RSP  by  melt  spinning  is 
developed  and  effects  of  process  variables  on  solidification  are 
discussed.  Thirdly,  a  stoichiometric  intermetallic  (Al3Ti)  is 
processed  by  melt  spinning  and  mold  casting  and  their  resulting 
microstructures  are  compared. 


PREVIOUS  RESEARCH 

It  is  known  that  the  microstructures  of  the  rapidly  solidified 
materials  are  influenced  by  the  cooling  rate,  the  solidification 
rate,  and  the  degree  of  undercooling.  Some  researchers  have 
modeled  complicated  fluid  flow  and  heat  transfer  phenomena  in  melt 
spinning  to  predict  the  cooling  rate  and  the  propagation  velocity 
of  the  solid/liquid  interface.  Other  researchers  are  more 
concerned  with  the  microstructures [ 6 ]  and  mechanical  properties  of 
the  materials  produced,  and  therefore,  prefer  simplified  heat 
transfer  models.  This  requires  interdisciplinary  research  to 
develop  processing/microstructure  /property  relationships  and  to 
optimize  the  process  capable  of  producing  precisely  controlled  and 
reproducible  microstructure. 

Depending  on  the  relative  efficiency  of  the  heat  and  momentum 
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transfer,  two  ribbon  formation  mechanisms  have  been  proposed:  (a) 
the  momentum  controlled  mechanism  and  (b)  the  thermally  controlled 
mechanism.  Attempts  to  model  coupled  momentum  and  heat  transfer 
are  in  progress.  In  general,  the  puddle  shape  and  ribbon  thickness 
are  controlled  by  momentum  transfer  including  process  variables 
such  as  the  pouring  rate,  the  spinning  speed,  and  the  nozzle/wheel 
gap.  Properties  such  as  viscosity  and  surface  tension,  both  of 
which  are  temperature  dependent,  affect  significantly  the  puddle 
stability,  surface  waves,  and  contact  angles.  On  the  other  hand, 
the  cooling  rate  and  the  solidification  rate  are  controlled  by  heat 
transfer.  Process  variables  such  as  the  melt  temperature,  the 
wheel  temperature,  and  the  materials*  thermal  properties  govern  the 
solidification  rate. 

In  momentum  controlled  models,  the  fluid  flow  of  the  molten 
metal  including  boundary  layer,  streamlines,  contact  angle,  and 
free  surface  is  considered.  Gutierrez  and  Szekely[7]  have 
developed  a  mathematical  model  of  the  planar  flow  casting  process. 
This  model  is  based  on  the  principles  of  lubrication  theory  and 
capillary  fluid  dynamics.  However,  the  momentum  equation  in  their 
model  is  only  valid  for  fully  developed  flow  between  two  parallel 
plates.  Takeshita  and  Shingu[8]  have  developed  an  analysis  of  the 
melt  puddle  shape  and  circulation.  A  computer  program  is  used  to 
solve  two-dimensional  transient  fluid  flow  with  free  boundaries, 
but  it  fails  to  include  heat  transfer  and  solidification.  A 
mathematical  model  for  melt-spinning  based  on  a  two-dimensional 
steady-state  condition  has  been  developed  by  Berger  and  Ai[9j. 
Their  analyses  follow  a  simplified  control  volume  approach  in  which 
overall  conservation  laws  for  mass,  momentum,  and  energy  are 
satisfied  for  each  of  the  zones  into  which  the  flow  field  can  be 
conveniently  subdivided.  The  zones  are  the  reservoir,  the  nozzle, 
the  liquid  pool,  and  the  solidified  thin  metal  sheet.  The 
conservation  laws  can  be  solved  to  yield  the  thickness  of  the  sheet 
with  the  reservoir  pressure,  the  ambient  pressure,  the  nozzle/drum 
gap,  the  drum  speed,  and  the  geometry  as  input  parameters. 
Although  this  leads  to  physical  insight  into  the  process,  the 
solution  of  this  control  volume  approach  is  only  qualitative. 
Further,  the  interface  heat  transfer  was  not  considered  in  the 
analysis.  These  studies  show  that  the  ribbon  thickness  is  strongly 
affected  by  the  gap  (d)  between  the  crucible  and  the  spinning 
wheel.  The  ribbon  thickness  in  the  range  of  0.1  to  0.2  d  has  been 
reported.  Kavesh[10]  reported  that  the  ribbon  thickness  is 
proportional  to  V .mUn ,  where  V.  and  U  are  the  melt  velocity  and  wheel 
speed  respectively.  Typical  values  of  m  and  n  are  0.25  and  -0.75 
respectively. 

In  thermally  controlled  models,  heat  diffusion  is  considered 
to  control  the  solidification,  since  the  thermal  diffusion  rate 
exceeds  the  momentum  diffusion  rate  by  two  orders  of  magnitude  for 
liquid  metals,  i.e.,  Pr  =  v/a  =  0(10'2).  Vogt[ll]  measured  the 
ribbon  surface  temperature  by  means  of  high-speed  infrared 
pyrometer.  A  1-D  finite  difference  heat  transfer  and 
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solidification  model  based  on  Lagrangian  coordinates  was  used  to 
interpret  the  cooling  curves.  The  interface  heat  transfer 
coefficient  was  found  to  be  in  the  range  of  0.7  to  1.3  x  106  W/m2 
K  in  the  initial  ribbon/wheel  contact  area.  Towards  the  end  of  the 
puddle  where  ribbon/wheel  interface  heat  transfer  coefficient  is 
significantly  reduced,  the  heat  transfer  is  nearly  described  by 
Newtonian  cooling.  Using  a  similar  technique,  Muhlbach  et  al.[12] 
reported  the  local  heat  transfer  coefficient  near  the  initial 
puddle/wheel  contact  is  108  W/m2  K.  Both  aforementioned  studies 
concluded  that  the  ribbon  formation  mechanism  is  thermally 
controlled  for  crystalline  materials.  Recently,  Wang  and 
Matthys[13]  modeled  the  planar  flow  casting  of  pure  metals  using  a 
control  volume  integral  method  in  which  the  heat  transfers  for  both 
ribbon  and  wheel  are  considered.  The  results  include  the  cooling 
rate  as  well  as  the  solid/liquid  interface  velocity. 


EXPERIMENTAL  PROCEDURES 

As  shown  in  Fig.  2,  the  Aircraft  Division  of  the  Naval  Air 
Warfare  Center  (NAWC/AD,  formerly  NADC)  is  equipped  with  a  Tungsten 
Arc  Melt  Spinner,  which  is  capable  of  producing  melting 
temperatures  up  to  3000°C.  In  order  to  minimize  the  reactions  of 
the  intermetallic  alloys  such  as  titanium  aluminides  with  the 
surrounding  atmosphere,  it  utilizes  a  tilting  water-cooled  copper 
hearth  and  the  apparatus  is  in  a  5  psi  Argon  environment.  The  10- 
inch  (diameter)  spinning  wheel  is  made  of  molybdenum  for  its  high 
melting  temperature  and  hardness.  An  AC  motor  with  a  variable 
speed  controller  can  control  the  spinning  speed  from  300  -  3000 
rpm.  The  arc  power  is  controlled  via  a  DC  power  generator  rated  at 
44  volts/1000  amps  converted  from  an  ac  input  at  480  volts/3 
phases/100  amps.  The  geometric  configuration  of  the  Marko 
Materials  Inc. , model  2T  melt  spinner  differs  significantly  from 
conventional  jet  casting  and  planar  flow  casting  systems.  The 
molten  metal  is  introduced  to  the  wheel  at  the  "9  o'clock"  position 
by  tilting  the  hearth  and  allowing  the  metal  to  be  extracted. 

In  this  experiment,  0.25  kg  of  stoichiometric  Al^Ti  was  made 
by  arc  melting  99.99%  pure  aluminum  and  99.8%  pure  titanium.  In 
order  to  achieve  material  uniformity,  the  ingot  was  turned  and 
remelted  three  times  before  melt  spinning.  The  crucible  pouring 
tip  is  1  mm  away  from  the  wheel  surface.  The  wheel,  the  arc 
electrode,  and  the  crucible  are  all  located  in  a  vacuum  chamber. 
The  chamber  was  evacuated  to  10  microns  by  a  mechanical  pump  and 
then  to  5  x  10  6  torr  by  a  diffusion  pump.  Argon  was  then  fed  to 
the  chamber  to  5  psia.  The  casting  wheel  was  turned  on  to  a  speed 
of  2030  rpm  or  a  casing  speed  of  27  m/s  prior  to  melting.  The 
tungsten  electrode  was  then  turned  on  to  melt  the  aluminum  and 
titanium.  The  electrode  tip  was  moved  around  to  improve 
homogeneous  mixing  of  the  molten  alloys.  After  the  ingot  was  fully 
molten,  the  arc  intensity  is  adjusted  to  maintain  a  suable  molten 
pool  in  the  hearth.  The  crucible  was  gradually  tilted  so  that  the 
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molten  metal  flows  over  the  notched  tip  of  the  hearth  and  makes 
contact  with  the  rim  of  the  rotating  wheel  to  form  rapidly 
solidified  ribbons.  Due  to  its  brittleness,  the  titanium  aluminide 
in  the  form  of  filament  or  ribbon  break  off  into  short  segments. 
The  solidified  ribbons  have  lengths  of  5  -  15  mm,  widths  of  0.5  - 
1.5  mm,  and  thicknesses  in  the  range  of  50  -  100  /im.  The  short 
ribbon  length  is  partially  attributed  to  the  brittle  nature  of 
Al3Ti . 

In  conducting  the  experiments,  it  was  found  that  at  high 
wheel  speed  the  melt  splashes  off  the  puddle  and  at  too  low  speed 
the  solidified  ribbon  may  get  jammed  in  the  gap.  Increasing  wheel 
speed  generally  decreases  the  ribbon  thickness  but  increases  the 
cooling  rate.  It  was  also  found  that  tilting  the  crucible  at  a 
lower  rate  results  in  more  stable  puddle  and  therefore  longer 
ribbon  and  less  porosity.  In  all  ribbons,  significant  surface 
ripples  and  porosity  were  observed  indicating  a  large  portion  of 
ribbon/wheel  interface  is  not  in  good  contact.  This  is  partially 
attributed  to  surface  wetting  and  dynamic  contact  angle. 
Generally,  bright  surfaces  are  noticed  on  the  free  surface  side  and 
dull  surfaces  are  observed  on  the  ribbon/wheel  contact  side. 

Kroll's  reagent  was  used  to  etch  the  polished  specimens  for 
optical  examination.  Differential  thermal  analysis  ( DTA)  was  used 
in  order  to  ascertain  the  temperature  of  various  phase 
relationships,  e.g.,  the  alloy's  melting  temperature.  Experiments 
were  conducted  using  a  DuPont  1090  thermal  analysis  unit.  The 
specimens  were  heated  from  25°C  to  1600°C  at  20°C/min.  in  a  dry 
helium  atmosphere  and  allowed  to  cool  to  room  temperature.  The 
experiment  was  repeated  using  the  same  sample  in  order  to  curtail 
the  effects  of  metastable  phase  transf ormation . 


PROCESS  MODELLING 

A  complete  process  model  must  consider  the  fluid  flow,  the  heat 
transfer,  and  the  solidification  process  (including  microstructure 
modeling) .  Momentum  transfer  governs  the  liquid  flow  and  puddle 
formation,  heat  transfer  controls  the  cooling  rate  and  thus  the 
solidification  thickness  and  the  solidification  rate,  and  mass 
transfer  governs  the  distribution  of  the  solute  and  dendrite 
growth.  Based  on  diffusion  theory,  the  laminar  boundary  layer 
thickness,  the  solidified  ribbon  thickness,  and  the  dendrite  arm 
spacing  are  found  to  be  proportional  to  (vt)1/2,  (at)1/2,  and  (Dt)1/2, 
respectively.  In  the  case  of  pure  metals,  exact  solutions  exist  in 
the  absence  of  convention  in  the  1 iquid [ 14 , 15 ] . 

Assuming  the  thermally  controlled  mechanism  and  using  a 
Lagrangian  coordinate  (moving  at  the  same  speed  as  the  wheel 
surface) ,  the  heat  transfer  equations  for  the  wheel  (substrate)  and 
the  ribbon  alloy  (e.g,  Al3Ti)  in  Fig.  3  are, 
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'  p‘Lf 


(1) 


p22dt  0X  23x 


(2) 


Where  t  is  time,  T  is  the  temperature,  p  is  the  density,  c  is  the 
specific  heat,  k  is  the  thermal  conductivity,  L  is  the  latent  heat 
of  solidification,  and  f  is  the  solidified  fraction  of  ribbon.  The 
subscripts  "1"  and  "2"  represent  the  ribbon  and  the  wheel 
respectively.  The  boundary  condition  at  the  interface  is  based  on 
the  interface  heat  transfer  coefficient,  h 


dT, 

dx 


=  k. 


ar2 

dx 


=  h  (Tx  -  T2) 


(3) 


Here,  the  interface  heat  transfer  coefficient  between  the  ribbon 
and  the  wheel  is  critical  in  determining  the  cooling  and 
solidification  rates.  The  local  values  of  h  were  found  to  vary 
from  108  W/m2  K  in  the  liquid/wheel  contact  region  to  106  W/m2  K  in 
the  solid/wheel  contact  region[12].  Vogt[ll]  reported  typical  h 
values  in  the  range  of  lCr  to  106  W/m2  K.  Equation  (1)  may  be 
rearranged  as, 


dT\ 

dt 


A 

dx 


1  1  dx  * 


(4) 


and 


f  =  0 
f  =  f  (T) 
f  =  1 


(liquid  region) 
( mushy  region) 
(solid  region) 


(5) 


where  f  as  a  function  of  temperature  may  be  based  on  equilibrium 
and  non-equilibrium  thermodvnamics [ 16] .  The  term  in  the 
parenthesis  of  the  left  hand  side  of  Eq.  (4)  is  often  referred  as 
the  effective  specific  heat  which  is  significantly  higher  than  c, 
in  the  mushy  region.  During  the  melt  spinning  process,  heat  is 
rapidly  removed  from  the  molten  metal.  Nucleation  of  the  first 
solid  phase  generally  occurs  at  temperatures  substantially  below 
the  alloy's  equilibrium  melting  temperature,  which  is  referred  as 
undercooling.  Levi  and  Mehrabian [ 17 ]  found  that  for  undercooled 
metal  droplets  that  solidification  velocities  were  initially  rapid, 
the  droplet  absorbs  most  of  the  latent  heat  of  fusion  and  heat 
extraction  from  the  powder  particle  plays  a  minor  role.  As 
solidification  progresses,  the  heat  flux  from  the  powder  can  not 
keep  pace  with  the  heat  generated  from  the  latent  heat  of  fusion. 
The  solidification  velocity  slows  and  is  dominated  by  the  rate  of 
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heat  extraction  from  the  particle.  Therefore,  the  majority  of 
solidification  proceeds  at  a  fixed  temperature  below  the  liquidus 
temperature [ 18 ] . 

The  temperature  distributions  at  two  downstream  cross 
sections  (see  Fig.  3)  of  the  initial  puddle/wheel  contact  are  shown 
in  Fig.  4.  At  the  initial  contact,  the  wheel  and  the  liquid  at  x=0 
reach  an  equilibrium  temperature  at  T0.  The  upper  portion  in 
Fig.  4  shows  the  temperature  distribution  of  the  liquid  and  the 
wheel  at  the  cross  section  A-A '  shortly  after  the  contact  is  made. 
Although  the  liquid  at  the  contact  surface  reduces  to  a  temperature 
below  the  liquidus  temperature,  the  solidification  is  delayed  due 
to  undercooling.  Further  downstream  at  B-B'  the  solidification  is 
begun  and  propagates  in  the  x  direction.  The  temperature 
distribution  is  shown  in  the  lower  portion  of  Fig.  4.  The  thermal 
layer  in  the  wheel  increases  due  to  thermal  diffusion.  The  ribbon 
consists  of  a  solid  region,  a  mushy  region,  and  a  liquid  region. 
In  general,  the  temperature  curves  are  continuous,  but  the 
temperature  gradients  are  not.  In  the  liquid  region  near  the  mushy 
region,  the  temperature  is  below  the  liquidus  temperature  as  a 
result  of  undercooling.  It  was  found  by  Flemings [18]  that  higher 
cooling  rates  result  in  higher  undercooling. 

Criteria  have  been  developed  for  partitionless  solidification, 
i.e.,  for  solidification  of  a  chemically  homogeneous  solid[16]. 
The  constitutional  supercooling  criteria  applies  for  alloys 
solidified  under  the  conditions  of  low  growth  velocities  and  high 
thermal  gradients,  e.g.,  single  crystals  turbine  blades. 
Essentially,  the  criteria  states  that  the  actual  thermal  gradient 
in  the  liquid  must  equal  or  exceed  the  slope  of  the  liquidus  curve 
immediately  in  front  of  the  solidifying  interface.  At  high 
solidification  velocities,  analysis  of  the  morphological  stability 
of  the  solid-liquid  interface  leads  to  the  absolute  stability 
criteria  for  partitionless  solidif ication[2 , 19] .  This  analysis 
takes  into  account  the  effects  of  the  solute  field,  the  thermal 
field,  and  capillary  forces.  At  extremely  high  interface 
velocities,  the  application  of  macroscopic  transport  equations  are 
no  longer  valid  since  the  interface  velocity  approaches  or  exceeds 
that  of  solute  diffusion  in  the  liquid.  At  these  high  interface 
velocities,  solute  trapping  occurs  and  partitionless  solidification 
is  maintained. 

During  melt  spinning,  once  a  solid  nucleates  it  grows  rapidly. 
The  heat  of  fusion  reduces  undercooling  and  slows  the  solid/liquid 
interface  velocity.  If  the  growth  velocity  falls  below  that 
required  by  the  absolute  stability  criteria,  cellular  and/or 
dendritic  microstructures  result.  Dendrite  arm  spacing  and  cell 
size  adjust  to  reduce  constitutional  supercooling,  i.e.,  faster 
solidification  rates  result  in  smaller  spacings.  Empirically, 
dendrite  arm  spacing  is  correlated  by  the  cooling  rate  as 
6  '(DT/dt)'n  where  the  n  value  is  in  the  range  of  0.3  to  0.5. 
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HEAT  TRANSFER  ANALYSIS 

Equations  (1-5)  may  be  solved  numerically  provided  that  all 
thermal  properties  are  known  and  h(t)  and  f(T)  are  given.  Here,  a 
simplified  heat  transfer  analysis,  which  avoids  the  use  of  h(t)  and 
f(T),  is  developed  to  account  for  the  process  variables  including 
material  properties,  the  melt  temperature,  and  the  wheel 
temperature.  The  following  assumptions  are  made  in  the  present 
analysis. 

(i)  The  heat  transfer  is  predominantly  one-dimensional  in  the 
y-direction  perpendicular  to  the  wheel. 

(ii)  Properties  are  the  same  for  both  liquid  and  solid  and  are 
independent  of  temperature.  Since  rapid  solidification  suppresses 
microstructural  change  from  liquid  to  solid,  this  assumption  is 
generally  acceptable. 

(iii)  Both  the  ribbon  and  the  wheel  are  considered  semi¬ 
infinite  plate  during  solidification.  This  is  valid  during  the 
short  duration  of  solidification  on  the  order  of  one  millisecond  or 
less . 

(iv)  The  ribbon/wheel  contact  is  perfect  during  the  period  of 
solidification,  i.e.,  contact  resistance  is  negligible.  This 
assumption  is  valid  in  the  liquid/solid  contact  but  may 
significantly  overestimate  heat  transfer  downstream  of  the  puddle 
in  the  solid/wheel  contact. 

(v)  Heat  transfer  by  radiation  and  convection  to  the  ambient 
is  negligible  during  the  short  period  of  solidification. 

(vi)  Convention  in  molten  metal  is  negligible  as  compared  with 
the  rapid  motion  of  the  wheel  and  ribbon.  This  assumption  is  more 
justified  in  melt  extraction  than  in  planar  flow  casting. 

(vii)  Solidification  occurs  at  a  single  melting  temperature, 
Tm.  It  has  been  shown  by  Flemings  [18]  that  the  majority  of 
solidification  for  alloys  at  rapid  rates  takes  place  at  a  fixed 
temperature  below  the  equilibrium  liquidus  temperature.  This  may 
be  explained  by  the  effect  of  undercooling  mentioned  above. 

When  the  liquid  metal  is  in  contact  with  the  wheel  at  t  =  0, 
the  interface  temperature  instantaneously  takes  the  value  of 


and 


Ti  +  Tu  P 
1  +  P 


P  = 


N 


(p  c  k)  2 
(p  c  k) 1 


(6) 


(7) 


where  T(  and  Tw  are  the  initial  melt  temperature  and  the  wheel 
temperature  respectively,  and  the  subscripts  "1"  and  "2"  represent 
the  ribbon  and  the  wheel  respectively.  The  value  of  To  will  stay 
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unchanged  with  time  if  both  the  melt  and  the  wheel  are  considered 
semi-infinite  during  solidification. 

Integral  Solution 

The  surface  heat  flux  of  a  semi-infinite  plate  with  a  constant 
surface  temperature  of  T0  is  given  as, 


*1  (Tj  -  T0) 
yjn  a1  t 


(8) 


By  integrating  Eq.  (8)  over  the  ribbon/wheel  contact  time,  the 
total  heat  transfer  rate  is, 


0  =  (  ‘ qAdt  =  2k1A(Ti  -  Ta) 
J  0 


(9) 


m  a 


i 


The  heat  transfer  rate  from  Eq.  (9)  is  used  to  remove  the 
latent  of  fusion  (solidification)  and  sensible  heat  of  the 
superheated  melt, 


Q  =  p}  A  s[L  *  Cj  (7t  -  Tm)  ]  (10) 

Equating  Eq.  (9)  and  Eq.  (10),  it  yields 


s  ( t) 


2cJ(Ti  -  T0) 

[ L*c1(Ti-Tm )  ]v^ 


v/H7t 


(ID 


Exact  Solution 

Equation  (11)  overestimates  the  solidification  thickness 
because  it  underestimates  the  effective  specific  heat  due  to  the 
latent  heat  of  fusion.  If  this  assumption  is  relaxed,  an  exact 
solution  may  be  obtained  for  solidification  of  metals  with  a  single 
melting  temperature [ 14 , 15 ] .  The  validity  of  this  assumption  is 
discussed  in  (vii)  above.  The  temperature  distribution  in  the 
solid  region  is  given  as: 

Tx(x,t)  -  T0  erf[x/2  (a1t) 1/2]  ^ ^ 

Tm  -  T0  =  erf  a) 


The  solidification  thickness  is  given  as: 
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sic )  =  2A  N/a1  c  (13) 

where  A  is  the  root  of  the  transcendental  equation, 

exp(-A2)  +  (Tn-Ti'>  exp(-A2)  _  Ay/nL 
erf  l  A)  (T„-T0)  erfcik)  cl(Tm-Te>) 


The  cooling  rate  in  the  solid  region  may  be  obtained  by 
differentiating  Eq.  (12), 


dT1  (x,  t) 
dt 


T  -T 

m  _  o 

erf (A) 


— —  exp ( -  * 


4a:  C 


)  t 


-3/2 


(15) 


The  solid/liquid  interface  velocity  may  be  obtained  by 
differentiating  Eq.  (13), 


—  =  A  a1/2f1/2  =  —  (16) 

dt  2 1 


RESULTS  AND  DISCUSSIONS 

Solidification  Thickness,  Interface  Velocity,  and  Cooling  Rate 

It  can  be  seen  from  Eqs.  (6-16)  that  the  effects  of  melt 
temperature,  wheel  temperature,  and  material  properties  on 
solidification  phenomena  are  included.  For  example,  increasing  the 
melt  temperature  (and  thus  the  superheat)  decreases  the  interface 
velocity  and  increases  the  cooling  rate.  A  wheel  with  higher 
thermal  conductivity  results  in  higher  heat  transfer  and 
solidification  rate.  The  solidified  thickness  is  found  to  be 
proportional  to  the  square  root  of  time  and  thermal  diffusivity  of 
the  ribbon.  These  trends  are  critical  for  developing  experimental 
strategies  and  optimum  operating  conditions. 

The  following  results  are  based  on  a  typical  experimental 
condition  with  a  wheel  speed  of  27  m/s,  a  bulk  wheel  temperature  of 
550  K,  and  an  initial  molten  metal  temperature  of  1830  K.  Material 
properties  used  in  the  calculation  are  listed  in  Table  2  which 
includes  ribbon  materials  including  Al ,  Ti,  and  AljTi,  and  wheel 
materials  including  Mo  and  Cu.  The  properties  of  pure  elements  are 
obtained  from  standard  handbook.  For  Al3Ti,  p  and  c  are  based  on 
weighted  average  and  k  is  estimated  using  an  electricity  resistance 
measurement . 
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Table  2.  Material  Properties  Used  in  the  Analysis 


Material 

A1 

Ti 

AljTi 

Mo 

Cu 

p  (kg/mJ) 

2700 

4520 

3360 

10240 

9000 

c  (J/kg-K) 

1180 

620 

980 

251 

503 

k  (W/m-K) 

206 

22 

44 

138 

393 

Tm  W 

983 

1953 

1697 

- 

- 

L  (kJ/kg) 

390 

365 

385 

*■* 

Figure  5  shows  the  solidification  thickness  (the  solid/liquid 
interface  position)  as  a  function  of  time  for  Al3Ti  which  is  melt 
spun  on  a  molybdenum  (Mo)  wheel.  It  is  shown  that  the  thickness  is 
proportional  to  the  square  root  of  contact  time.  The  dashed  line 
is  calculated  from  Eq.  (11)  obtained  by  the  integral  solution.  A 
more  accurate  solution  is  the  solid  line  obtained  from  the  exact 
solution,  i.e,  Eq.  (13).  It  takes  times  of  0.115,  0.26,  and  0.46 
ms  to  reach  thicknesses  of  50,  75,  and  100  /im.  respectively.  With 
a  spinning  speed  of  27  m/s  used  in  the  experiment  they  correspond 
to  lengths  of  3.1,  7.02,  12.4  mm,  respectively.  Note  that  the 

observed  ribbon  length  from  the  experiment  is  in  the  range  of  5  - 
15  mm. 

Figure  6  shows  the  solid/liquid  interface  velocity  and  the 
cooling  rate  versus  contact  time  for  Al3Ti  which  is  melt  spun  on  a 
molybdenum  (Mo)  wheel.  The  interface  velocity  is  initially  high 
about  0.74  m/s  and  is  decreased  to  0.11  m/s  at  t  =  0.46  ms  and  a 
thickness  (s)  of  100  /m*  The  cooling  rate  is  evaluated  at  the 
solid/liquid  interface  at  the  solid  side  (solidification  front) 
using  Eq.  (14).  The  cooling  rate  is  extremely  high  near  107  K/s 
initially  and  drops  to  4.9  x  105  K/s  at  t  =  0.46  ms  and  s  =  100  /im. 
These  values  are  slightly  higher  than  those  reported  by  Vogt[ll), 
who  showed  the  cooling  rates  for  steel  ribbons  with  thickness  of 
75-125  n m  are  in  the  range  of  2  -  6  x  105  K/s  based  on  infrared 
pyrometer  measurement  coupled  with  a  1-D  finite  difference  model. 

Figure  7  shows  the  comparison  of  interface  solid/liquid 
interface  velocity  from  the  present  analysis  to  that  from  the 
literature  by  considering  a  Ti  ribbon  spun  on  a  Cu  wheel.  A  wheel 
temperature  of  300  K  and  a  superheat  of  10  K  are  assumed.  The 
interface  velocity  versus  contact  time  from  the  present  analysis 
(solid  line)  is  in  very  good  agreement  with  that  from  the  simulated 
results  by  Wang  and  Matthys[13].  The  advantage  of  the  present 
analysis  is  its  simplicity  wherein  no  numerical  solution  is 
required . 


Microstructures 

An  optical  micrograph  of  the  ingot  prior  to  melt  spinning  is 
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presented  in  Fig.  8.  It  clearly  shows  the  presence  of  two  phases: 
the  result  of  solute  partitioning  occurring  during  normal 
solidification.  X-ray  diffraction  and  energy  dispersive 

spectroscopy  were  employed  in  a  previous  study  by  Frazier  and 
Benci[20]  to  unambiguously  identify  the  phases.  The  majority  phase 
is  body  centered  tetragonal  Al3Ti  and  the  minority  phase  (2.1 
volume  percent)  is  face  centered  cubic  aluminum.  The  average  grain 
size  of  the  casting  was  measured  using  the  line  intercept  method  to 
be  125  microns.  Second  phase  aluminum  is  observed  within  the 
grains  and  at  grain  boundaries.  The  cooling  rate  on  the  surface  of 
the  as-cast  ingot  measured  using  a  ratio  (two-wavelength)  infrared 
pyrometer  is  around  10  K/s. 

The  microstructure  of  melt  spun  Al3Ti  is  shown  in  Fig.  9.  The 
ribbon  with  thickness  between  80  to  100  /xm  exhibits  two  regions  of 
distinctly  different  microstructures.  A  microcrystalline 

featureless  region  is  observed  near  the  ribbon/wheel  interface  and 
is  indicative  of  extremely  rapid  growth  rates  and  partitionless 
solidification.  A  cellular  microstructure  is  observed  near  the 
free  surface  of  the  ribbon  and  is  aligned  in  the  direction  of  heat 
flow.  As  shown  in  Fig.  6,  the  estimated  cooling  rates  vary  from 
107  K/s  near  the  ribbon/wheel  contact  side  to  5xl05  K/s  near  the 
free  surface  of  the  ribbon.  Benci  and  Frazier[20]  used  X-ray 
diffraction  and  energy  dispersive  spectroscopy  to  interrogate  the 
crystal  structure  and  chemistry  of  the  melt  spun  ribbon.  Within 
the  resolution  of  the  experimental  techniques,  the  melt  spun  ribbon 
was  found  chemically  homogeneous  and  to  be  wholly  Al3Ti. 

The  DTA  thermogram  of  melt  spun  Al3Ti  is  presented  in  Fig.  10.  The 
reactions  associated  with  the  thermal  profile  are  somewhat  complex; 
however,  the  following  observations  are  clear:  (i)  the  onset  of 
melting  occurs  at  1354°C,(ii)  the  peak  melting  temperature  is 
1424°C,  and  (iii)  the  alloy  is  completely  molten  at  1469°C.  These 
results  are  in  reasonable  agreement  with  those  of  Tarnacki  and 
Kim[21]  who  report  the  onset  of  melting  at  1367°C  and  a  peak 
melting  temperature  1414°C. 


CONCLUSIONS 

A  one-dimensional  transient  mathematical  model  is  proposed  to 
predict  the  solid-liquid  interface  and  the  cooling  rate.  Cooling 
rates  and  solid/liquid  interface  velocities  are  calculated  from  an 
analytical  solution  by  assuming  negligible  ribbon/wheel  contact 
resistance.  The  resulting  microstructures  from  a  melt  spun 
intermetallic  ribbon  (Al3Ti)  and  a  as-cast  ingot  of  the  same 
composition  are  analyzed  and  compared.  Very  fine  and  homogeneous 
microstructure  is  observed  for  the  melt  spun  ribbon  which  has  a 
cooling  rate  around  106  K/s.  Nonhomogeneous  microstructure  with 
two  phases  and  grain  boundaries  is  noticed  for  the  as-cast  ingot 
which  has  a  cooling  rate  around  10  K/s. 
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Figure  2.  NAWC/AD  advanced  tungsten-arc  melt  spinner. 
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Interface  velocity  vs.  time 


Figure  7.  Solid/liquid  interface  velocity  versus  time  of  Ti  spun  on  a  Cu  wheel  for  T- 
T  =10K  and  T  =300K. 
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Figure  10.  Differential  Thermal  Analysis  (DTA)  profile  obtained  for  melt  spun  AI^Ti. 
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